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Abstract Soils in which disease fails to develop despite pathogen presence are considered disease-suppressive.
They offer sustainable, effective protection to plants against infection by soil-borne pathogens. Naturally
disease-suppressive soils have been reported for diseases of a diverse range of agricultural crops worldwide
yet the underlying mechanisms of disease suppression are still not completely understood. Two large
greenhouse experiments, conducted during 2017/18 (Year 1) and 2018/19 (Year 2), determined that soils
naturally suppressive to stem canker and black scurf of potato (caused by Rhizoctonia solani) are present in
vegetable-arable cropping soils of the Auckland and Waikato regions of New Zealand. Soil was pre-treated with
heat prior to inoculation with R. solani and compared with untreated and uninoculated controls to ascertain
if stem canker and black scurf suppression was ‘general’, or ‘specific’ (i.e. transferable; possibly involving
specific microorganisms). Rhizoctonia solani inoculation was also combined with transfer of one part test soil
to nine parts of a known disease-conducive soil. Abiotic factors such as soil texture and organic matter content
influenced black scurf incidence and severity. Soil microorganisms were also involved in disease suppression
since black scurf incidence and severity markedly increased when they were eliminated or reduced by soil
heat pre-treatment. Microbial profiling of the soils through sequencing revealed that taxa of geographically
close soils of the same type had similar fungal and bacterial community structure and diversity even though
they differed in their capacity to suppress black scurf. These results suggest that although the soil microbiome
as a whole, was mainly responsible for soil disease suppressiveness, certain bacterial genera or species may
play a role in black scurf suppression.
Keywords Rhizoctonia solani, stem canker, black scurf, potato, suppressive soils, soil microbes.
INTRODUCTION
Stem canker and black scurf caused by the necrotrophic soilborne plant pathogen Rhizoctonia solani Kuhn (teleomorph:
Thanathephorus cucumeris Frank Donk) are economically
important diseases of potato (Solanum tuberosum L.)
worldwide (Banville 1989; Tsror 2010). Rhizoctonia disease
of potato causes marketable yield losses of up to 30%
(Banville 1989; Carling et al. 1989; Platt et al. 1993; Tsror
2010), and may be responsible for up to 20% of economic
losses in New Zealand (Das 2013). Crop yields are reduced
by infection of potato sprouts, stems, stolons, and roots.
Tuber quality and marketability is reduced by misshapen
tubers and by the formation of sclerotia (referred to as black
scurf) on mature progeny tuber surfaces (Banville 1989;
Tsror 2010; Zhang et al. 2014). Sclerotia are persistent
fungal structures consisting of masses of hyphal threads,
which allow the pathogen to survive for many years in the
©2022 New Zealand Plant Protection Society (Inc.) www.nzpps.org

absence of host plants, making disease control difficult.
Rhizoctonia solani is considered a species complex, and
is subdivided in different genetically defined populations
(termed anastomosis groups; AGs) based on the ability
to fuse with vegetatively compatible members of the
same group and exchange dikaryotic nuclei (Van Agtmaal
2015; Schlatter et al. 2017). Rhizoctonia solani does not
produce asexual spores, and exists primarily as mycelium,
basidiospores (sexual spores), and sclerotia (Keijer 1996;
Bienkowski 2012). Several AG groups have been associated
with rhizoctonia diseases of potato, but AG-3 is recognised
as the more significant and predominant causal agent in
most areas of the world (Tsror 2010; Ritchie et al. 2013),
including New Zealand (Das et al. 2014). AG-3 is mainly
associated with potato disease, but also causes disease in
barley, eggplant, tomato, tobacco and wheat (Parmeter et al.
1969).
Refer to http://www.nzpps.org/terms_of_use.html
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Rhizoctonia diseases of potato have two separate phases:
infection of growing plants (stem canker) and formation
of sclerotia (black scurf) on progeny tubers. Disease
symptoms and pathogen life cycle have been reviewed (by
Frank 1981, Hartill 1989; Wharton et al. 2007; Brierley et
al. 2016; Das 2013; and Tsror 2010). Rhizoctonia disease
development on emerging potato sprouts is favoured by
cool (10–15°C), wet soil conditions (Wharton et al. 2007).
These conditions delay plant emergence and slow stem
and stolon growth, but favour germination of Rhizoctonia
sclerotia and infection of young, under-developed plant
tissues (Bakali & Martin 2006). Rhizoctonia solani, like most
soil-borne plant pathogens, is greatly influenced by the
soil’s abiotic and biotic components (Katan 2017; Tamm
et al. 2010). Favourable soil condition for development of
Rhizoctonia disease include light, sandy soils (Fiers et al.
2012), low to neutral soil pH (Ritchie et al. 2009), low soil
organic matter (OM) content (Garbeva et al. 2006), soil
microbial populations (Larkin 2003; Larkin & Honeycutt
2006), and invasion of potato roots by the potato cyst
nematodes Globodera rostochiensis and G. pallida (Bhattarai
et al. 2009). Low concentrations of potassium (K), sodium
(Na) and calcium (Ca) may increase stem canker incidence,
whereas high amounts of nitrogen (N) and phosphorus (P)
have been reported to favour tuber black scurf (Tsror 2010).
Current methods used to control rhizoctonia diseases
of potato involve combinations of cultural and chemical
disease-management strategies aimed at reducing soil-borne
and tuber-borne inoculum (Hicks et al. 2014). Few resistant
potato cultivars are currently available (Zhang et al. 2014).
The use of certified (sclerotia-free) potato seed tubers is
very important for controlling stem canker and black scurf
(Hicks et al. 2014). Fungicide treatments applied to seed
tubers effectively control tuber-borne inoculum; fungicides
applied to the soil may not provide effective control against
soil-borne inoculum (Wilson et al. 2008; Hicks et al. 2014).
Crop rotation is another recommended control strategy
for rhizoctonia disease (Hide & Read 1991; Gilligan et al.
1996; Starczewski et al. 1998). Rapeseed (Brassica napus
subsp. napus), barley and sweetcorn planted prior to potato
reduced rhizoctonia diseases, whereas similar use of clover,
soybean, sugar beet or broccoli increased disease incidence
(Baker & Martinson 1970; Larkin & Honeycutt 2002; Larkin
& Honeycutt 2006; Larkin & Griffin 2007).
The rhizosphere microbiome, which consists of the
entire complex of rhizosphere-associated microbes, is
vitally important for plant health (Berendsen et al. 2012).
It is the plant roots’ frontline defence against attack by soilborne pathogens (Cook et al. 1995). Pathogenic bacteria,
oomycetes, fungi and nematodes attack plants, while other
microbes (including endo- and ectomycorrhizal fungi,
symbiotic root-colonising fungi, plant growth-promoting
fungi and bacteria, non-pathogenic bacteria, and nitrogenfixing bacteria) are beneficial to plants, supplying mineral
resources and/or providing protection against pathogens
(Reynolds et al. 2003; Hass & Defago 2005; Yadav et al. 2015;
Mihajlovic et al. 2017; Vurukonda et al. 2018). Mechanisms by
which rhizosphere microorganisms combat plant pathogens
include nutrient competition, niche exclusion, antibiosis,
parasitism, induced systemic resistance, or combinations of
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these (Bonilla et al. 2012; Mendes et al. 2013).
The influence of soil microorganisms on plant health is
evident in disease-suppressive soils (Berendsen et al. 2012;
Wright et al. 2021a). Baker & Cook (1974) originally defined
disease suppressive soils as “soils in which the pathogen
does not establish or persist, establishes but causes little
or no crop damage, or establishes and causes disease for
a while but thereafter the disease incidence remains low,
although the pathogen may persist in the soil”. Naturally
occurring disease-suppressive soils have been described
worldwide for many economically important soil-borne
pathogens (Mazzola 2007). Although abiotic factors, such as
soil OM and physicochemical properties, may contribute to
the suppression of a given pathogen (Siddiqui et al. 2015;
Stirling et al. 2012), disease suppression is largely mediated
by soil microorganisms, since the effects can be eliminated
by soil sterilisation (Weller et al. 2002; Peters et al. 2003).
Li et al. (2022) reported that heat treatment at 80°C changes
the microbial diversity in subsequent, consecutively
cultivated soils. Disease-suppressive microbes protect
plants from pathogen attack by production of antibiotics
and siderophores, parasitism, nutrient competition,
niche exclusion, and induction of systemic host resistance
(Mihajlovic et al. 2017; Peters et al. 2003).
Soils that naturally suppress diseases caused by R. solani
have been reported in numerous crops including potato
(Jager & Velvis 1983b; Grosch et al. 2005; Michelsen et al.
2015). Bacteria reported to be antagonistic to rhizoctonia
diseases of potato in the field include strains of Bacillus
subtilis (Brewer & Larkin 2005), Serratia plymuthica, Bacillus
licheniformis, Lysobacter enzymogenes, Pseudomonas
cepacia and Pseudomonas fluorescens (Das 2013). Fungal
antagonists reported to reduce rhizoctonia diseases of
potato in the field include Trichoderma harzianum, T. viride,
T. hamatum, T. atroviride, T. virens, Verticillium biguttatum,
Rhizoctonia zeae and Corticium sp. (Boogert 1996; Tsror
2010; Das 2013). Arbuscular mycorrhizae reduced stem
canker and black scurf severity of potato in the field
(Larkin 2008), and arbuscular mycorrhiza-associated
bacteria Pseudomonas and Stenotrophomonas isolates were
antagonistic to R. solani (Bharadwaj et al. 2008). However,
reliable and effective control of rhizoctonia diseases of
potato in the field using antagonistic fungi and bacteria has
generally been inconsistent, as the efficacy depends upon
ecological conditions and compatibility with agrichemicals
used in potato production (Tsror 2010; Das 2013).
Disease-suppressive soils are rich resources for finding
beneficial microorganisms (Gomez Exposito et al. 2017),
and the identification of microorganisms that significantly
contribute to disease suppression is an important link in
formulating approaches to prevent, mitigate, or control soilborne diseases. However, little is currently known regarding
the composition and structure of rhizosphere microbial
communities in New Zealand cropping soils that are
suppressive to rhizoctonia diseases of potato. Historically,
the study of soil microbes focused on single species in pure
culture and, because only a fraction of the soil microbiota is
culturable, determining which microorganisms contributed
to soil suppressiveness was difficult (Garbeva et al. 2006).
Recently developed culture-independent molecular tools
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have enabled identification of microbes involved in disease
suppression from the direct exploration of soil-extracted
DNA (Van Elsas et al. 2008; Gomez Exposito et al. 2017).
The primary aims of our two-year study were to: (a)
determine if soils that are suppressive to rhizoctonia diseases
of potato were present in the Auckland and Waikato regions
of New Zealand; (b) examine if the suppression could be
linked to soil abiotic and biotic factors; (c) investigate if
soil physical, chemical and biological characteristics were
involved with the suppression; and (d) identify soil microbial
taxa that may be associated with disease-suppressive soils,
using next generation DNA sequencing. Recognising that
climate, environmental factors (such as soil pH, soil type) and
agronomic practices all mediate soil microbial communities
(Finney et al. 2017), we conducted our replicated pot
experiments within a uniform environment (greenhouse),
using the same crop management regime (fertilisers and
irrigation), and a standard amount of pathogen for artificial
inoculation treatments.
MATERIALS AND METHODS
The methods used in this study were similar to those used in
the greenhouse pot trials that investigated factors associated
with suppression of powdery scab of potato and fusarium
basal rot of onion in New Zealand soils conducted by Wright
et al. (2021a; 2021b).

Selection of fields and collecting the soils
Pot experiments were carried out in a greenhouse over two
growing seasons; 2017/18 (Year 1) and 2018/19 (Year 2),
at the Plant & Food Research field station at Pukekohe, New
Zealand (37°19′S, longitude 174°83′E, elevation 29 m). The
soils for Year 1 and Year 2 pot experiments were collected
in October of each year. In Year 1, soil was collected from
12 fields in the Auckland and Waikato regions of the North
Island of New Zealand. Cropping histories in Year-1 fields
were contrasting and included pasture (grass), vegetable
(onion, squash, broccoli, lettuce) and arable crops (maize,
lucerne), with five of the 12 fields having grown potatoes
at least once during the previous five years. In Year 2, soil
was collected from six fields in the Matamata district of the
Waikato region that were not used in Year 1, all of the same
soil type, and all within a 10-km radius of each other. Only
four crops were grown in the Waikato fields between 2013
and 2018 (potato, maize, onion and broccoli), and three of
the six Year 2 fields had grown potatoes at least once during
this period.
Soil tests
For soil testing samples in Years 1 and 2, 12 soil samples
were randomly collected from the top 15 cm of soil in each
field using a surface-sterilised (70% isopropyl alcohol)
stainless steel gardeners’ hand trowel (5.5 cm width),
pooled and thoroughly mixed to make one composite soil
sample per field. The fields were all fallow and weed-free at
time of soil sampling. The pooled soil samples were passed
through a sieve (mesh size 10 x 10 mm) to remove stones,
large roots and debris, and were sent to Hill Laboratories
Ltd, Hamilton, New Zealand for fertility profile analyses,

33

and to Manaaki Whenua Landcare Research, Environmental
Chemistry, Palmerston North, for determination of soil
physical properties and microbial properties, including
basal respiration, microbial biomass-C (MB-C) and microbial
biomass-N (MB-N). Soil samples were also submitted to
the Root Disease Testing Service at the South Australian
Research and Development Institute, Adelaide, Australia
(SARDI), for molecular detection of R. solani and other soilborne potato pathogens using the PREDICTA® Pt test. The
methods for the soil tests are described in Wright et al.
(2021a).

Year-1 greenhouse pot experiment
For each of the 12 fields, 24 black polythene pots (35 L
capacity, 300 mm high and 360 mm diam.) were filled with
soil and brought back to Pukekohe Research Centre. The
experiment was conducted in an unheated greenhouse (with
auto-venting set at 20°C), with the pots arranged in a Latin
square layout of ‘paired’ rows, with each row comprising
12 pots. The paired arrangement was to allow for the plants
of one of the two ‘paired’ pots to be destructively assessed
for rhizoctonia stem canker during the growing season,
and the other pot for assessment of black scurf of tubers at
harvest.
Inoculum for artificial infestation of soil was produced
by growing R. solani AG-3 cultures (five cultures isolated
from black scurf sclerotia on potato tubers grown in the
Rakaia district of Canterbury, New Zealand; Farhat Shah
cultures RS02, RS03, RS04, RS05 and RS06) on oats in 1-L
Schott bottles. Whole oat grain (300 g) was mixed with 60
mL distilled water, and sterilised at 121°C for 20 minutes.
After 24 h at room temperature, a further 240 mL distilled
water was added and a second sterilisation done. Two 5 mm
× 5 mm square plugs of mycelia from each of the activelygrowing cultures of the 5 R. solani isolates on PDA were
added to the bottles. The lids were screwed back on and the
bottles shaken to distribute the agar plugs before incubating
at room temperature (20°C). After 1 month, the colonised
grains were spread onto a sterile surface, air-dried at room
temperature for 10 days, and stored at 5°C until required.
Inoculated oat grain for the five isolates was pooled in equal
quantities to give a single inoculum.
On 1 November 2017, 300 mL of Rhizoctonia-inoculated
oat grains was added to the ‘Inoculated’ treatment pots,
and thoroughly mixed into the soil. On the same day an
undamaged, visually disease-free ‘Fianna’ potato seed tuber
(known to be susceptible to rhizoctonia stem canker and
black scurf) was planted into each pot. There were two
treatments: (1) ‘Inoculated’: R. solani AG3 inoculum added
to the soil, and (2) ‘Not inoculated’: no R. solani inoculum
added (non-colonised oat grains). There were 6 replications
per treatment (for both the destructive and the harvest
assessments).
Base fertiliser (1.2 t/ha of 15% potassic superphosphate
(N = 0, P = 6.3, K = 15, S = 7.4, Ca = 15.4) was incorporated into
the soil below the seed tuber at planting at a rate of 1.2 t/ha.
Nitrogen (250 kg/ha) was applied as calcium ammonium
nitrate (27% N) in equal split applications at 5 weeks and
9 weeks after planting. Immediately after planting, pots
were individually watered by hand to field capacity. The
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pots received no additional water until plant emergence,
when water from that time onwards was applied via drip
tape. Pots were irrigated (25 mm water) once weekly for
4 weeks, then twice a week (20 mm each time) until 3 months
after planting, when watering was reduced to once a week
(25 mm) until harvest.
Year-2 greenhouse pot experiment
The Year-2 greenhouse experiment was very similar to that
in Year 1, with the main differences being fewer soils (six
Waikato soils), and four experimental treatments (instead
of two). The pot size (35 L), number of pots (288), number
of treatment replications (12), the ‘paired’ pot arrangement,
the Rhizoctonia inoculum isolates and inoculum preparation,
the potato cultivar (‘Fianna’), and fertiliser and water
applications in Year 2 were all the same as in Year 1.
Planting and inoculation treatments were carried out on
26 October 2018. The four experimental treatments were:
(1) ‘Not inoculated’ = No R. solani inoculum was added to
the soil at planting; (2) ‘Inoculated’ = R. solani inoculum
was added to soil at planting; (3) ‘Heat treated’ = Soil
was heat-treated and R. solani inoculum was added to the
soil at planting; (4) ‘Transfer’ = one part of the tested soil
was added to nine parts of a disease-conducive soil, and
R. solani inoculum was added to soil at planting. The
‘Transfer’ treatment was to test for ‘specific’ suppression,
where suppression activity of one soil is transferable to
another soil (Schlatter et al. 2017), often involving a single
organism or select group of microbes that antagonize a
particular plant pathogen (Weller et al. 2002; Campos et al.
2016). The soil used in the ‘transfer’ treatment was a deep,
well-drained loam collected from a field in Raetihi, central
North Island, that had a ‘history’ of potato black scurf.

Soil heat treatment
The method of Wright et al. (2021a) was used. It involves
heat-treating, but not sterilising, soil in order to reduce or
eliminate soil microbial populations without adversely affect
soil physical or nutritional properties. Thus, soils were heat
treated 2–4 weeks prior to planting and inoculation with
R. solani. Soil (moist, not wet) was placed in aluminium trays
40 cm × 30 cm × 70 cm, covered with aluminium foil and
placed in heated incubators at 70°C. The soils were treated
at this temperature for 1 hour and then the incubator was
turned off. The soils were above 50°C for approximately
5 hours and returned to ambient temperatures (18–22°C)
after 8 hours. Once the soils had cooled they were tipped
back into their pots, which had been cleaned, bleachsterilised and rinsed with non-chlorinated tap-water.

Disease Assessments
Stem canker incidence and severity was assessed in half the
actively growing plants 55 days (Year 1) and 47 days (Year
2) after planting. The tops of the plants were removed by
cutting the stems 10 cm above the soil line and the pots gently
tipped over to recover the below-ground stems and roots.
Holding each plant by the stems, the roots and adhering
soil were placed inside a polythene bag, and the plant was
shaken to remove the rhizosphere soil for DNA extraction
and microbial profiling. The stems were counted and then,
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along with the roots, were washed in running tap water and
examined for stem canker. Stem canker was assessed using
a 0–4 disease score, where: 0 = no visible lesions; 1 = lesions
on 1 to 10% of the root area; 2 = lesions on 11 to 25% of
the root area; 3 = lesions on 26 to 50% of the root area; 4 =
>51% of the root area with lesions.
Harvest was 26 weeks after planting for both Years 1 and 2,
when the foliage had senesced. Each pot was turned upsidedown, the tubers gathered up, placed in individual hessian
sacks and moved to a dry store (ambient temperatures;
12–18°C). Two weeks after harvest, the tubers from each
pot were gently washed to free them of soil and were
individually assessed for incidence and severity of black
scurf. Severity of black scurf was assessed as the percentage
of the tuber surface covered by Rhizoctonia sclerotia, using
a 0–5 disease scale where 0 = no sclerotia present; 1 = <1%
of tuber surface area covered; 2 = 1–5% covered; 3 = 6–10%
covered; 4 = 11–25% covered; 5 = >25% or more of tuber
surface covered by sclerotia. Black scurf covering >5% of
tuber surfaces is cosmetically undesirable in washed freshmarket potatoes, and from this point on in our manuscript
we will refer to soils that have <4% tubers with a mean
black scurf score ≥3 in the ‘Inoculated’ treatment as being
rhizoctonia black scurf suppressive.
Microbial profiling of soils (Year 2)
PowerSoil DNA extraction kits (Qiagen) were used
to extract DNA from each pre-plant soil sample. The
bacterial V3_V4 region of the 16S rRNA was amplified
with
the
S-D-Bact-0341-b-S-17/S-D-Bact-0785-a-A21341f primer pair (Klindworth et al. 2013). The fungal
internal transcribed spacer 1 (ITS1) region was amplified
with NSIa_mod (GATTGAATGGCTTAGTGAGK) and 58A2R
(AGTCCTGCGTTCTTCATCGAT), both adapted from the
method of Martin & Rygiewicz (2005). The Illumina
adapter sequences were included in all primers. The PCR
amplifications were performed in duplex and contained 10
ng DNA template, 10 nmol each primer, 10 μL Mastermix,
and 0.5 U KAPA3G polymerase (Merck), in a final volume of
20 μL. Cycling parameters were 95°C for 3 min; 30 cycles of
95°C for 30 s, 50°C for 30 s, 72°C for 30 s, followed by a final
elongation of 72°C for 5 min. The duplicate reactions were
combined and purified using AMPure XP beads (Agencourt,
Beckman Coulter Life Sciences). The purified PCR products
were quantified by gel electrophoresis and Quant-iT™
PicoGreen™ (Invitrogen) prior to Illumina MiSeq 2x300 bp
paired-end sequencing (Massey Genome Service).
The dada2 (version 1.11.1; Callahan et al. 2016) and
phyloseq (version 1.24.2; McMurdie & Holmes 2013) R
packages were used to process the MiSeq sequences into
amplicon sequence variants (ASVs). Primer sequences were
removed from the fungal ITS1 sequences using the cutadapt
tool (Martin 2011). Taxa with an abundance comprising less
than 0.05% of the total were removed from the analysis.
The bacterial ASVs were identified using the 16S reference
dataset from Silva (v132; Quast et al. 2013) and the fungal
ASVs were identified using fungal ITS dataset from UNITE
(version 8.2; Koljalg et al. 2013).
ASV tables were also analysed using Primer 7 with
PERMANOVA add-on (Primer-E Ltd). Relative abundance
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of ASVs were compared across the soil samples, and
multivariate analyses were used to assess relationships
between soil microbial populations and soil physical and
chemical parameters. Data were not rarefied (McMurdie
& Holmes 2014). Instead, samples were standardised by
total, and no statistical inferences were made regarding
differentially abundant ‘species’ (i.e. ASVs). Conclusions were
based on assessing only the broad-scale relative differences
in microbial communities. Data were untransformed
unless otherwise stated, where log transformations were
applied. Relationships among microbial community
profiles based on Bray-Curtis similarity matrices were
graphed using unconstrained non-metric multidimensional
scaling (nMDS) ordinations, with 250 restarts and cluster
analysis. To understand gradients and group structures
across treatments, matrix plots of standardised data were
prepared using reduced sample sets of 50 ASVs, with
the retained ASVs having the greatest contribution to
dissimilarities among samples. Use of reduced sample sets
allowed simplification of the matrix plots by removing those
organisms accounting for negligible proportions of the total
number of ASVs. Samples in the matrix plots were clustered
using Bray-Curtis similarity (based on all ASVs) while the
ASVs presented were clustered according to similarity based
on an index of association across samples tested. Distancebased linear modelling was applied to establish if there
were any correlations between soil chemical and physical
features and the biological communities. Physicochemical
data were Log transformed prior to inclusion in analyses.
RESULTS
Background R. solani inoculum was present in all 12 soils, as
reflected by uninoculated plants having symptoms of both
stem canker and black scurf (Table 1). With the exception

of plants grown in Soil 7, mean stem canker scores were
greater for ‘Inoculated’ treatment plants than for ‘Not
inoculated’ plants, indicating that the R. solani inoculation
was successful. In the Year 1 ‘Inoculated’ treatment, although
stem canker was most severe on plants grown in Soil 11
(mean disease score 2.5) and least severe on those in Soils 4
and 6 (mean disease score 1.4), the incidences of stem canker
between all 12 soils were not significantly different. Plants
in Year 1 ‘Inoculated’ soils all had higher mean black scurf
scores, and higher percentages of tubers with black scurf
scores than their corresponding plants in ‘Not Inoculated’
treatment soils, again showing that the R. solani inoculation
was successful. Waikato Soil 9 resulted in tubers with the
highest mean black scurf disease score (2.60) and 51.4% of
tubers with black scurf scores of ≥3. Black scurf covering
>5% of tuber surfaces is cosmetically undesirable in washed
fresh-market potatoes, and a ‘pack-out’ of >5% of tubers
with black scurf scores ≥3 is commercially unacceptable. Six
of the eight Auckland soils (Soils 1–6) were considered as
being suppressive to the disease, as determined by our <4%
‘Inoculated’ tubers with black scurf score ≥3 classification.
In Year 2, background R. solani inoculum was present
in all six soils, as reflected by uninoculated plants having
symptoms of both stem canker and black scurf (Table 2).
Analysis of variance with factors for the replicate, soil and
other treatments indicated significant effects on stem canker
score from treatment (p < 0.001), but not soil (p = 0.214)
nor their interaction (p = 0.335). Black scurf score was
significantly influenced by treatment, but also soil and the
treatment x soil interaction (p < 0.001 for each). Mean black
scurf scores for plants grown in ‘Inoculated’ soils ranged
from 0.91 (Soil D) to 3.10 (Soil B) and, with the exception
of those in Soil C, plants in all inoculated soils had higher
mean black scurf scores than their corresponding plants in
‘Not Inoculated’ soils. A binomial generalized linear model

Table 1 Year-1 mean potato stem canker scores (0–4 scale) at destructive root assessment (26 December 2017), mean
black scurf score (0–5 scale), and mean percentage of tubers with black scurf score ≥3 at harvest (14 May 2018) for the two
inoculation treatments for the twelve Auckland and Waikato region soils (1–12).
Region
Code Number

1

2

3

Stem canker score1
Not inoculated
Inoculated

0.3
1.5

1.3
1.8

0.7
1.7

Black scurf score2
Not inoculated
Inoculated

0.33
1.54

0.27
1.42

0.52
1.29

Tubers with black scurf score ≥3 (%)
Not inoculated
0
0
0
Inoculated3
2.8
0
2.7

Auckland
4
5
0.8
1.4

0.11
1.07
0
2.8

1.3
2.0

0.57
1.47
0
0

Soil sample

6

7

8

9

0.3
1.4

1.8
1.7

1.4
2.3

1.8
2.2

0.62
0.93
0
3.3

0.53
1.70
3.1
8.9

0.09
1.23
0
7.8

0.51
2.60
0
51.4

Waikato
10
11

12

LSD (0.05)

1.7
1.9

1.8
2.2

1.3

0.64
1.46
0
2.2

2.0
2.5

0.87
2.42
0
44.3

1.27
1.89
0
18.2

0.46
5.0

0–4 disease score, where: 0 = no visible lesions; 1 = lesions on 1 to 10% of the root area; 2 = lesions on 11 to 25% of the root area; 3 = lesions on 26 to 50%
of the root area; 4 = >51% of the root area with lesions.
1

0–5 disease scale where 0 = no sclerotia present; 1 = <1% of tuber surface area covered; 2 = 1%–5% covered; 3 = 6%–10% covered; 4 = 11%–25% covered;
5 = >25% or more of tuber surface covered by sclerotia.
2
3

Black scurf suppressive soils that produced ≤ 4% of harvested tubers with a mean black scurf score ≥3 from the inoculated treatment are in bold.

New Zealand Plant Protection 75 (2022)			

36

Table 2 Year-2 mean potato stem canker scores (0–4 scale) at destructive root assessment (11 December 2018), mean black
scurf score (0–5 scale), and the mean percentage of tubers with black scurf score ≥3 at harvest (14 May 2019) for the four
inoculation treatments for the six Waikato soils (A–F).
Stem canker score
Not inoculated
Inoculated
Heat treated
Transfer

A

B

0.1
3.7
3.7
2.4

0.4
2.9
3.2
2.3

Waikato soil
C
D

E

F

0.3
2.6
2.9
2.8

1.3
3.2
3.3
2.8

Least Significant Difference (0.05)

1

Black scurf score2
Not inoculated
Inoculated
Heat treated
Transfer

1.18
2.76
2.92
2.75

1.24
3.10
2.96
2.79

Tubers with a black scurf score ≥3 (%)
Not inoculated
10.0
5.6
Inoculated3
61.3
77.6
Heat treated
63.3
70.9
Transfer
64.3
64.1

0.1
2.9
2.8
3.2

1.01
0.97
2.61
2.16

3.7
3.1
52.5
38.0

0.4
2.8
2.7
2.7

0.89
0.91
3.38
1.25
3.9
3.9
82.6
5.8

1.37
2.81
3.46
2.86
6.4
66.9
81.8
69.7

1.08
1.57
2.73
1.94
6.3
13.0
54.0
17.5

1.0

0.65

20.2

0–4 disease score, where: 0 = no visible lesions; 1 = lesions on 1 to 10% of the root area; 2 = lesions on 11 to 25% of the root area; 3 = lesions on 26 to 50%
of the root area; 4 = >51% of the root area with lesions.
1

0–5 disease scale where 0 = no sclerotia present; 1 = <1% of tuber surface area covered; 2 = 1%–5% covered; 3 = 6%–10% covered; 4 = 11%–25% covered;
5 = >25% or more of tuber surface covered by sclerotia.
2
3

Black scurf suppressive soils that produced ≤ 4% of harvested tubers with a mean black scurf score ≥3 from the inoculated treatment are in bold.

with factors for the replicate, soil and treatment indicated
significant effects on the percentage of tubers with scores
≥3 from soil, treatment and their interaction (p < 0.001
for each). For the ‘Inoculated’ treatment, plants from the
six Waikato soils had 3.1–77.6% tubers with black scurf
score ≥3 at harvest. Soils C and D were considered disease
suppressive, with 3.1 and 3.9% tubers with black scurf score
≥3, respectively, that were much lower than for the other
four soils. Soil heat pre-treatment substantially increased
the mean percentage of tubers with black scurf score of ≥3
compared with ‘Inoculated’ soils for suppressive Soils C and
D, and for the partially suppressive Soil F. For the ‘Transfer’
treatment, the mean percentage of tubers with black scurf
score of ≥3 was appreciably lower in Soil D (5.8%) and Soil
F (17.5%) than in the other four soils.

Crop rotations
In Year 1, prior crop rotation and/or crop sequence
did not appear to have effects on black scurf disease
(Table 3). The three soils that had grown potatoes 2–3 times
in the previous five years were all suppressive to black scurf,
having <4% of harvested tubers with black scurf scores of
≥3. Soils that had no potatoes grown in the previous 5 years
produced harvested tubers that ranged from 0 to 51.4%
with black scurf scores of ≥3. The three Waikato soils (No.
9, 10 and 12) that had very similar soil type and cropping
histories (maize being grown consecutively during the past
three seasons), had contrasting severity of black scurf. Soil
10 was suppressive to black scurf, whereas Soils 9 and 12

were conducive to the disease. In Year 2, all fields of the
same soil type from Waikato also had primarily previous
maize-onion rotations, with potato and broccoli included
in some rotations (Table 4). Soils A and E, which both grew
maize consecutively the previous three seasons, had high
incidence (61.3% and 66.9%) of harvested tubers with
black scurf scores of ≥3. Soil B, which had grown non-maize
crops (potato, onion, broccoli) in the previous seasons, had
the highest (77.6%) incidence of black scurf of the six soils.
Pre-trial assessments of potato pathogens in the field
soils
Year-1 assessments of potato pathogens in the pre-plant
field soil samples using the PREDICTA® Pt test indicated
that “native” soil-borne pathogens were present in some of
the soils in differing amounts, as indicated by concentrations
of pathogen DNA (pg/g soil). Rhizoctonia solani AG-2.1 was
detected in four soils, and AG-3 was detected in six different
soils (Table 3). Two soils (Soils 5 and 12) had no detectable
R. solani DNA. Soil 11 had considerably more R. solani AG2.1 DNA (1670 pg/g) than the other soils, and subsequently
resulted in a high proportion (44.3%) of tubers with
black scurf scores of ≥3 at harvest in the ‘Not inoculated’
treatment. All six Year-2 Waikato field soil samples had very
low (0–3 pg/g) amounts of R. solani AG-2.1 and AG-3 (Table
4). Year-1 and Year-2 soils all contained variable amounts
of DNA of Colletotrichum coccodes, Spongospora subterranea
and Streptomyces scabies, but there were no relationships
between these potato pathogens and black scurf scores.

460
45
0.10
2.8

1.4
0.12
11.5
54
0.86
19.5

61
25
14
7.5
2.5

188
25
0.13
0

3.5
0.24
14.1
180
0.92
10.9

67
26
7
6.3
6.0

0
2.6
311
41
0

Potato
Onion
Onion
Potato
Potato

1
3.3
0
4
0

Onion
Potato
Potato
Onion
Maize

2
37°11’S
174°50’E

1
37°12’S
175°51’E

680
115
0.27
2.7

2.4
0.23
10.2
104
1.72
10.2

65
28
7
6.0
4.4

0
58
11
0
0

Lucerne
Lucerne
Lucerne
Maize
Maize

3
37°13’S
174°48’E

373
74
0.13
2.8

2.0
0.20
10.0
173
1.64
12.2

64
28
8
6.7
3.4

0
2.6
0
293
0

Squash
Squash
Squash
Maize
Maize

4
37°12’S
174°49’E

778
125
0.17
0

4.3
0.37
11.7
31
0.68
9.7

55
35
10
5.5
7.4

0
0
3
12
0

Pasture
Pasture
Maize
Maize
Maize

5
37°10’S
174°43’E

Auckland

640
79
0.31
3.3

3.0
0.27
11.1
110
1.70
18.1

70
25
5
6.9
5.2

80
0
402
182
0

Potato
Onion
Potato
Onion
Broccoli

6
37°11’S
174°59’E

261
125
0.14
8.9

1.8
0.16
11.1
200
1.68
21.2

67
24
9
7.6
3.1

90
0
0
15
0

Broccoli
Lettuce
Broccoli
Lettuce
Lettuce

7
37°11’S
174°58’E

Soil sample

148
79
0.10
7.8

1.7
0.17
9.6
90
1.42
15.2

74
19
7
7.5
2.9

35
0
0
62
0

Lettuce
Onion
Potato
Broccoli
Lettuce

8
37°11’S
174°59’E

640
127
0.28
51.4

5.1
0.55
9.3
34
1.40
9.4

28
45
27
6.1
8.8

0
2.1
0
288
0

Onion
Onion
Maize
Maize
Maize

9
37°50’S
175°46’E

298
37
0.17
2.2

3.2
0.33
9.6
56
0.82
3.3

16
31
53
5.6
5.5

0
4.2
0
39
0

Onion
Maize
Maize
Maize
Maize

1079
226
0.38
44.3

6.3
0.68
9.2
48
2.04
21.7

27
45
28
6.9
10.8

1679
0
0
34
65.3

Pasture
Pasture
Pasture
Potato
Onion

Waikato
10
11
37°47’S
37°49’S
175°45’E 175°47’E

868
126
0.36
16.2

5.5
0.59
9.3
33
1.05
6.3

23
49
28
5.7
9.4

0
0
0
40
0

Onion
Onion
Maize
Maize
Maize

12
37°52’S
175°44’E

1

Black scurf suppressive soils that gave ≤ 4% of harvested tubers with a mean black scurf score ≥3 from the inoculated treatment are in bold. MB-C = microbial biomass carbon; MB-N = microbial biomass nitrogen;
BR = basal respiration; OM = soil organic matter.

Latitude
Longitude
Crop rotation
2012–13
2013–14
2014–15
2015–16
2016–17
Pathogen DNA (pg/g soil)
Rhizoctonia solani AG2.1
R. solani AG3
Spongospora subterranea
Colletotrichum coccodes
Streptomyces scabies
Soil physical properties
Clay (%)
Silt (%)
Sand (%)
pH
OM (%)
Soil nutritional properties
Total C (%)
Total N (%)
C/N ratio
P (mg/L)
K (me/100 g)
Ca (me/100 g)
Soil biological properties
MB-C (mg/kg)
MB-N (mg/kg)
BR (µgC/g/h)
Percentage tubers with
black scurf score ≥31

Parameter

Table 3 Year-1 potato field locations, crop rotations, “native” soil-borne pathogen DNA, and pre-plant measured soil physical, nutrient and biological properties for the 12
soils.
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Table 4 Year 2 potato field locations, crop rotations, and pre-plant measured soil physical, nutrient and biological properties
for the twelve fields for the six soils.
Parameter
Soil Sample
Waikato
A
B
C
D
E
F
Latitude
37°48’S
37°52’S
37°51’S
37°47’S
37°46’S
37°55’S
Longitude
175°47’E 175°43’E 175°47’E 175°49’E 175°45’E 175°45’E
Crop rotation
2013–14
Onion
Maize
Onion
Potato
Onion
Maize
2014–15
Maize
Potato
Onion
Onion
Onion
Maize
2015–16
Maize
Onion
Maize
Onion
Maize
Potato
2016–17
Maize
Onion
Maize
Maize
Maize
Onion
2017–18
Maize
Broccoli
Broccoli
Potato
Maize
Onion
Pathogen DNA (pg/g soil)
R. solani AG2.1
0
0
3
0
0
0
R. solani AG3
0
0
0
0
0
0
S. subterranea
0
0
4
0
0
0
C. coccodes
78
271
254
407
96
608
S. scabies
0
0
0
0
0
0
Physical properties
Clay (%)
26
24
17
25
26
23
Silt (%)
43
40
45
43
40
47
Sand (%)
31
36
38
32
34
30
pH
6.3
5.8
6.2
6.3
5.8
6.7
OM (%)
6.2
7.4
8.6
7.2
8.8
6.8
Nutritional properties
Total C (%)
3.6
4.3
5.0
4.2
5.1
3.9
Total N (%)
0.37
0.48
0.49
0.43
0.51
0.41
C/N ratio
9.7
9.0
10.1
9.8
10.0
9.5
Olsen P (mg/L)
53
102
46
48
34
48
K (me/100 g)
1.16
0.99
0.67
1.89
1.23
0.64
Ca (me/10 0g)
8.7
8.2
9.6
10.9
7.6
10.4
Biological properties
MB-C (mg/kg)
502
452
880
274
643
506
MB-N (mg/kg)
139
98
230
113
100
161
BR (µgC/g/h)
0.36
0.27
0.34
0.32
0.47
0.24
Percentage tubers with
61.3
77.6
3.1
3.9
66.9
13.0
black scurf score ≥31
Black scurf suppressive soils that gave ≤ 4% of harvested tubers with a mean black scurf score ≥3 from the inoculated treatment are in bold. MB-C =
microbial biomass carbon; MB-N = microbial biomass nitrogen; BR = basal respiration; OM = soil organic matter.
1

Physical, nutritional and biological characteristics of
the soils
All eight Year-1 Auckland region soils were classed as being
moderately to well-drained clay soils and the four Waikato
soils were described as moderately to well-drained loams.
Auckland region soils had high clay contents (55–74%), and
six out of eight of these soils were suppressive to black scurf,
with 0–3.3% harvested tubers in the ‘Inoculated’ treatment
with a black scurf score ≥3 (Table 1). The four Waikato soils
had low clay contents (16–28%) and, with the exception
of Soil 11, which had the lowest clay content, were black
scurf conducive. Although Year 1 soils ranged in pH from
5.5 to 7.6, and differed considerably in amounts of the major
nutrient elements P, K and Ca, these factors did not appear
to be related to incidence of black scurf. The soils also varied
considerably in OM, total C, total N and C/N ratio. The three

Year-1 Waikato soils (Soils 9, 11 and 12) with high OM
content (8.8–10.8%), high total C (5.1–6.3) and high total N
(0.55–0.68) had the greatest numbers of harvested tubers
with black scurf score ≥3. Year-1 overall microbial biomass
carbon (MB-C) ranged from 148 mg/kg (Soil 8) to 1079 mg/
kg (Soil 11). Waikato Soil 11, which had the highest basal
respiration (BR), MB-C, and especially microbial biomass
nitrogen (MB-N) of the 12 soils, had the second-highest
proportion of (44.3%) harvested tubers with black scurf
score ≥3. Conversely, Waikato Soil 10, which had the lowest
BR, MB-C, and MB-N of the four Waikato soils, was disease
suppressive, with just 2.2% harvested tubers with black scurf
score ≥3. Year-2 soils from six Waikato fields of the same soil
type had similar sand, silt and clay content, with the clay
content ranging from 17% for the black scurf-suppressive
Soil C to 26% for black scurf-conducive soils Soil A and Soil E
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(Table 4). There appeared to be no appreciable relationships
between the major nutrient elements (P, K, Ca), MB-C, MB-N
and BR between the black scurf-suppressive soils C and D
and the other four (black scurf-conducive) soils.

Taxonomic classification and abundance – Bacteria
Sampling in Year 2 focused on rhizosphere soil samples from
the midpoint/first destructive harvest where stem canker
symptoms were already evident. The PCR yields for Soils A
and F were considerably lower than those for the other soils
(data not shown). This is probably because of poor DNA
extractions, and the impact on the subsequent sequencing

39

was noticeable. The bacterial and fungal ASVs for Soils A
and F were dissimilar from those for the other four soils.
Therefore these two soils are not included in subsequent
figures. All soils were collected within a 10-km radius
in Waikato and from the same soil type and, as such, the
bacterial profiles from the ‘Not Inoculated’ and ‘Inoculated’
rhizosphere soils were quite similar. Nine dominant bacteria
phyla were identified (Figure 1). Averaged across all soils,
the most abundant bacterial groups in the ‘Non inoculated’
and ‘Inoculated’ soils were the Proteobacteria (31.8–42.3%),
Acidobacteria (8.8–18.1%), Actinobacteria (18.9–31.3%),
Bacteriodetes (2.1–7.0%), Gemmatimonadetes (5.1–8.5%),

Figure 1 Year-2 relative abundance (%) of bacterial phyla for Soils B, C, D and E rhizosphere soils, sampled at the destructive
assessment on 11 December 2018.
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Chloroflexi (4.2–6.0%), Verrucomicrobia (1.7–4.1%),
Patescibacteria (0.1–1.4%) and Firmicutes (0.8–1.2%) The
remaining individual taxa of bacteria collectively accounted
for <6 % of the bacterial sequences.
Figure 2 is a heat map showing the top 50 bacterial genuslevel ASVs that contributed to Year-2 destructive sample
rhizosphere soil similarities. Soil heat treatment lowered
the relative abundances of some rhizosphere bacteria
phyla and increased relative abundances of others, thereby
completely changing the microbial community structure of
these soils compared with those of non-heat treated soils.
Heat treatment rendered black scurf-suppressive Soils C

and D conducive to the disease (Table 5). The ‘Transfer
treatment’ soils were similar to the other three soils in
relative abundance of the nine main rhizosphere bacterial
phyla (not unexpectedly, because 90% of the soil volume
in each of these treatments came from the same diseaseconducive soil), but Soil D produced fewer harvested tubers
with black scurf score ≥3 than the other three soils.
The relative abundances (%) of the 12 most abundant
bacterial genera (Table 5) for the black scurf-suppressive
Soils C and D were each similar to those of the two black
scurf-conducive Soils B and E. Numbers of the generally
accepted soil-borne plant disease-suppressive bacteria

0

E_T

D_T

B_T

C_T

D_I

E_I

C_I

B_I

D_HT

E_HT

10

C_HT

B_HT

20

Arthrobacter
Rhodoplanes
Rhodanobacter
Candidatus_Solibacter
Mycobacterium
Nakamurella
Jatrophihabitans
Acidothermus
Candidatus_Udaeobacter
Holophaga
Pseudarthrobacter
Blastococcus
Ellin6067
Terrabacter
Pseudonocardia
SWB02
Pedomicrobium
RB41
MND1
JGI_0001001-H03
Nitrospira
Gaiella
Nocardioides
Bradyrhizobium
Conexibacter
Acidibacter
Haliangium
Pseudolabrys
Massilia
Sphingomonas
Bacillus
Streptomyces
Ramlibacter
Devosia
Gemmatimonas
Phenylobacterium
Pseudomonas
Cellvibrio
Flavobacterium
Pedobacter
Luteimonas
Methylotenera
Alkanibacter
Mucilaginibacter
Candidatus_Koribacter
Microvirga
Noviherbaspirillum
Hamadaea
Micromonospora
Ohtaekwangia

Figure 2 Heat map showing the top 50 genus-level bacterial ASVs for each of the inoculation treatments of four soils (Soil B,
C, D and E) out of the six Year-2 Waikato rhizosphere soils sampled at destructive sampling on 11 December 2018. Commonly
associated genera are linked: the shorter the distance in the tree, the more commonly associated the genera are. The colour
key scale represents the number of sequences detected for each soil sample, from lower (pale blue) to higher (brown)
abundance. HT = ‘Heat treated’ treatment; I – ‘Inoculated’ treatment; T = ‘Transfer’ treatment. (Data for Soils A and F not
shown – see text for details).
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Table 5 Year-2 relative abundances (%) of the 12 most abundant bacterial genera in four of the six inoculation treatment
rhizosphere soils, sampled at destructive sampling on 11 December 2018. Abbreviations: Bac, Bacillus; Bra, Bradyrhizobium;
CaU, Candidatus Udaeobacter; Con, Conexibacter; Ell, Ellin6067; Gai, Gaiella; Gem, Gemmatimonas; Psd, Pseudarthrobacter;
Pse, Pseudomonas; Ram, Ramlibacter; Sph, Sphingomonas; Str, Streptomyces. Where ≤ 4% of harvested potato tubers had a
mean black scurf score ≥3 is indicated in bold. Mean black scurf scores ≥3 in ≤ 4% of harvested tubers are in bold.
Soil

B
C

D
E

Treatment

Bacterial genera

Black scurf
Score ≥3

Bac

Bra

CaU

Con

Ell

Gai

Gem

Psd

Pse

Ram

Sph

Str

Not inoculated
Inoculated
Heat treated
Transfer

1.57
1.48
9.28
1.14

0.90
0.85
0.00
1.43

2.04
1.06
0.06
2.45

1.00
0.90
1.51
3.39

1.26
1.28
0.27
0.85

1.56
1.40
0.07
1.80

0.89
1.67
4.48
2.33

1.15
4.74
2.75
3.04

0.54
1.86
2.51
0.33

0.52
1.20
1.26
0.37

1.02
1.02
5.00
0.89

1.10
1.00
0.34
0.22

5.6
77.6
70.9
64.1

Not inoculated
Inoculated
Heat treated
Transfer

0.79
0.82
2.22
0.96

0.74
1.12
0.84
1.16

2.55
1.50
0.26
3.53

1.50
1.38
1.19
2.52

1.28
1.29
0.22
1.29

2.95
3.49
1.73
1.84

0.79
0.76
10.47
2.67

0.94
1.57
0.51
2.25

0.43
1.65
0.78
0.47

0.35
0.25
1.28
0.36

1.21
0.68
0.68
1.55

0.40
0.39
1.45
0.23

3.9
3.9
82.6
5.8

Not inoculated
Inoculated
Heat treated
Transfer

Not inoculated
Inoculated
Heat treated
Transfer

1.10
0.85
1.85
1.49

1.05
1.34
7.03
1.23

0.97
1.58
1.23
1.15

0.89
1.61
1.06
1.27

1.16
0.43
0.00
2.86

1.53
1.59
0.13
3.24

1.62
1.27
1.83
2.90

1.63
1.65
0.80
2.23

1.58
1.53
0.00
0.58

1.94
1.44
0.10
0.79

1.24
0.98
0.00
1.39

2.66
3.52
0.36
1.87

genera Bacillus, Pseudomonas and Streptomyces spp.
(Raaijmakers & Mazzola 2012) were similar, or lower, in
the ‘Inoculated’ suppressive Soils C and D than in conducive
Soils A and E. Soil heat treatment significantly increased
the incidence of rhizoctonia black scurf in all six soils,
demonstrating that disease suppressiveness, in these soils,
was mediated by soil microorganisms. Heat treatment
reduced the relative abundances of Candidatus Udaeobacter,
Ellin6067 and Gaiella; increased the relative abundance of
Bacillus and Gemmatimonas; and generally did not affect
the other seven genera compared with numbers in the
‘Inoculated’ treatment. Soil D was the only soil that had a
low incidence of black scurf (5.8% harvested tubers with
black scurf scores of ≥3) in the ‘Transfer’ treatment but
the presence and numbers of the bacterial genera in the
‘Transfer’ treatment for Soil D were similar to those in the
other three soils.
Taxonomic Classification and abundance – Fungi
Year-2 fungal ASVs in rhizosphere soils were predominantly
associated with the phyla Ascomycota, Blastocladiomycota,
and Mortierellomycota, and these three phyla accounted for
92–99% of the total fungal sequences for the four Waikato
soils (Figure 3). The three phyla had similar abundances for
the ‘Not inoculated’, ‘Inoculated’ and ‘Transfer’ treatments.
‘Heat treated’ Soil E had appreciably lower numbers,
relatively speaking, of Ascomycota and greater numbers
of Mortierellomycota than the other three heat-treated
soils. Soil heat treatment lowered the relative abundance

1.51
1.89
8.93
3.28

1.92
1.65
7.49
1.83

1.28
3.19
0.84
3.98

0.77
3.07
1.93
1.63

0.25
2.04
3.38
0.46

0.13
1.28
0.71
0.29

0.75
1.28
2.07
0.65

0.83
0.37
1.67
0.26

0.96
0.94
1.66
1.49

1.79
0.79
0.56
0.79

0.87
0.31
0.37
0.23

0.33
1.22
1.03
0.33

3.7
3.1
52.5
38.0

6.4
66.9
81.8
69.7

of Ascomycota, and increased Mortierellomycota and
Blastocladiomycota relative abundances, although for
Soil E, the opposite was the case for Ascomycota and
Mortierellomycota. Relative abundances of the three main
fungal phyla in the disease-suppressive Soils C and D
‘Inoculation’ treatments, and the possibly ‘specific’ diseasesuppressive soil D (as indicated in the ‘Transfer’ treatment)
were not different from those in the other three soils.
Fusarium, Mortierella, Trichoderma and Verticillium, all
the Ascomycota phylum, were the most ‘abundant’ fungal
genera. The relative abundances of the 10 most common
fungal genera in each in the four inoculation treatments
of the four Waikato rhizosphere soils are shown in
Table 6. Fusarium was the most dominant genus and, in
the ‘Inoculated’ treatments, had the highest proportion
(27%) in the black scurf-suppressive Soil D. Heat treatment
generally reduced the relative abundance of the other top
nine fungal genera; a notable exception being the significant
increase in Trichoderma in heat-treated Soil B. Although
ASVs were more ‘abundant’ in rhizospheres of some soils
than in others, no indicator genera were identified that were
more ‘abundant’ in the black scurf-suppressive soils C and D
than in the conducive Soils B and E.
DISCUSSION
We observed that potatoes grown in the 12 Auckland and
Waikato region soils in Year 1, and the six Waikato soils in
Year 2, differed in incidence of stem canker of potato when
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Figure 3 Year-2 relative abundance (%) of fungal phyla for Soils B, C, D and E rhizosphere soils, sampled at the destructive
assessment on 11 December 2018.
assessed at the mid-crop growth stage in December each
year. In Year 1, as a group, the four ‘Inoculated’ Waikato soils
tended to have slightly greater stem canker disease scores
than the eight Auckland region soils. However, the mean
stem canker scores for the 12 soils indicated that all Year-1
soils exhibited some degree of suppression to the disease.
Year-2 Waikato soils were also all susceptible to rhizoctonia
stem canker.
Severity of tuber black scurf was generally not correlated
with severity of stem canker in either year. Seven of the 12
Year-1 soils were suppressive to development of rhizoctonia
black scurf. As a group, the Year-1 Waikato soils were much
more conducive to black scurf than the other soils, with

three of the four soils being very conducive to the disease.
These soils were all of the same soil type and from fields
within a few kilometres of each other, making the diseasesuppressive Soil 10 particularly important in this study.
Of the six Year-2 Waikato soils, two were black scurfsuppressive (Soils C and D). The Year-2 study determined
that the disease suppressive activity in the Year-2 Waikato
soils was mainly biotic in nature, since heat treatment
increased black scurf severity. Results from four of the six
samples showed that the black scurf-suppressive capacity
of Year-2 Soil D was linked to particular resident microbial
communities (specific suppression) which were transferred
from to a conducive soil.
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Table 6 Year-2 relative abundance (%) of the 10 most abundant fungal genera in each of the inoculation treatment rhizosphere
soils, sampled at destructive sampling on 11 December 2018, for four of the six Waikato soils used. Abbreviations: Exo,
Exophiala; Fus, Fusarium; Hum, Humicola; Ily, Ilyonectria; Min, Minimedusa; Mor, Mortierella; Sch, Schizothecium; Tha,
Thanatephorus; Tri, Trichoderma; Ver, Verticillium. Mean black scurf scores ≥3 in ≤ 4% of harvested potato tubers are in bold.
Soil

B
C

D
E

Treatment
Not inoculated
Inoculated
Heat treated
Transfer

Fungal Genera
Exo
1.22
1.31
0.03
1.31

Fus
13.97
14.20
15.17
9.17

Hum
5.78
3.27
1.08
2.63

Ily
0.29
0.69
0.00
11.69

Min
7.45
0.05
0.00
1.63

Mor
31.42
25.48
4.91
11.78

Sch
0.38
25.00
2.05
23.36

Tha
0.00
0.24
0.64
0.00

Tri
1.38
0.31
14.36
0.52

Ver
0.49
0.08
0.00
0.00

2.03
1.15
0.00
1.86

18.18
27.21
65.46
10.80

1.80
0.89
0.00
3.45

0.09
0.12
0.00
2.81

2.35
1.86
0.00
0.11

29.33
23.11
0.26
18.35

2.05
14.25
6.20
13.28

0.00
0.00
0.00
0.11

0.77
0.17
0.00
0.24

1.52
2.59
0.00
0.77

Not inoculated
Inoculated
Heat treated
Transfer

3.38
10.58
0.00
1.41

Not inoculated
Inoculated
Heat treated
Transfer

1.90
1.94
0.04
2.31

Not inoculated
Inoculated
Heat treated
Transfer

12.13
15.43
70.19
7.35

10.98
11.49
5.99
21.48

4.05
6.02
4.47
1.81

3.58
4.14
2.55
3.89

0.17
0.08
0.00
2.52

1.00
0.29
0.00
1.24

Although crop rotational sequence and diversity has
a major role in soil suppressiveness to many soil-borne
pathogens (Lobmann et al. 2016; Latz et al. 2012; McDaniel
& Grandy 2016), we found that previous crop rotations
in the soils used in this study did not appear to have an
influence on the severity of black scurf of potato. There were
no obvious relationships between amounts of R. solani AG2.1 and R. solani AG-3 DNA in Year-1 soils collected before
potato planting and the subsequent incidence and severity of
black scurf in harvested tubers in the ‘Inoculated’ treatment.
The overall lower severity of black scurf in the heavier
Auckland soils compared with the lighter Waikato soils was
consistent with the findings of Parmeter (1970), Lutomirska
& Szutkowska (2005) and Fiers et al. (2012), who reported
that light soils are more favourable to Rhizoctonia than
heavier soils. However, the Waikato soils differed widely in
black scurf incidence. As a group, the Year-1 and 2 soils with
low OM content (2.5–6.0%) generally tended to have lower
incidence of black scurf than soils with OM content > 6%,
which is in agreement with the studies of Fiers et al. (2012),
Postma et al. (2010) and van Agtmaal (2015). Soil pH values
in this study (5.5 to 7.6) did not have an obvious effect on the
relative abundance of the main bacterial and fungal phyla or
on the incidence of rhizoctonia stem canker and black scurf
in R. solani-inoculated soils. Although several studies have
reported that stem canker and black scurf of potato was
favoured by low soil concentrations of N, P, K or Ca (Parmenter
1970; Tsror 2010; Bista & Bhandari 2019), this was generally
not the case in our experiments. MB-C and MB-N were not
correlated with black scurf disease suppression.

5.94
1.32
0.00
0.00

5.40
2.86
0.00
0.00

27.78
10.43
6.38
6.84

28.12
28.15
7.27
20.55

3.29
11.31
0.00
22.57

3.49
9.63
1.28
12.54

0.00
0.84
0.00
0.00

0.00
0.66
6.50
0.00

0.70
1.66
0.00
0.00

0.25
0.74
0.25
0.79

0.64
0.37
0.00
0.05

1.23
0.50
0.00
0.04

Black scurf
score ≥3
5.6
77.6
70.9
64.1
3.7
3.1
52.5
38.0
3.9
3.9
82.6
5.8
6.4
66.9
81.8
69.7

In terms of phyla ‘abundance’, the four Year-2
Waikato soils tested for rhizosphere were dominated by
Proteobacteria, Actinobacteria and Acidobacteria, which is
generally consistent with results from similar suppressive
soil studies (Acosta-Martínez et al. 2008; Nguyen et al.
2016; Orr et al. 2015; Xiong et al. 2018). This community
profile is also in agreement with previous reports that
soils with different cropping histories, but with very
similar soil textures, can have almost identical bacterial
communities (Girvan et al. 2003; Lauber et al. 2008;
Weinert et al. 2011). We noted that the population numbers
of the most ‘abundant’ bacterial phyla (Proteobacteria,
Actinobacteria,
Acidobacteria,
Gemmatimonadetes,
Chloroflexi, Verrucomicrobia, Cyanobacteria, Firmicutes
and Bacteroides) from the ‘Not Inoculated’ and ‘Inoculated’
rhizosphere soils were quite similar, and the ‘abundance’ of
each of these taxa was not related to suppression of black
scurf. Mendes et al. (2011) reported that Actinobacteria,
many of which produce bioactive antifungal metabolites
(Qi et al. 2019), were more abundant in a soil suppressive
to Rhizoctonia-caused damping-off of sugar beet than in
conducive soils, but this appeared to be not the case in the
rhizoctonia black scurf of potato suppressive soils in our
study. Many Pseudomonas species are favoured by nutrientrich conditions (copiotrophs) (Inceoglu et al. 2011), and
Acidobacteria generally tend to prefer oligotrophic (low
nutrient) conditions (Fierer et al. 2007) and acidic soils
(Jangid et al 2008) but there were no correlations between
these taxa with soil pH or soil nutrients of the Waikato
soils. The similarities in Year-2 bacterial phyla in ‘Not

New Zealand Plant Protection 75 (2022)			

inoculated’ and ‘Inoculated’ soils appear to correspond
to similar pH values and concentrations of soil N and
C, which is consistent with reports that these three soil
factors are the primary influencers of key soil biochemical
properties driving changes in the relative abundance of soil
bacteria (Fliessbach et al. 2007; Wessen et al. 2010; Wang
et al. 2011; Orr et al. 2015; Nguyen et al. 2016). Soil heat
treatment changed the microbial community structure of
these soils compared to the non-heat treated soils, lowering
relative abundances of some rhizosphere bacteria phyla
and increasing relative abundances of others, rendering
the black scurf-suppressive Soils C and D conducive to the
disease. Transfer of 10% black scurf-suppressive test soils
to 90% conducive soil (v/v) reduced black scurf in Soil D
compared with the other soils, possibly indicating microbial
‘transferability’ in these two soils.
We compared the 50 bacterial genera that contributed
most to differences among the four Waikato rhizosphere
soils for bacteria that were present in the ‘Inoculated’
treatment of the suppressive Soils C and D, and absent in the
non-suppressive soils to determine if DNA of one of these
Soil C or D bacteria was also absent in the heat treatment.
Although absence of DNA may be because the DNA was
degraded by the heat treatment, it also indicates that this
genus (or species of) may be involved in suppression of
rhizoctonia black scurf. Acidovorax (Soil C), Catellatospora
(Soil C), Cellulomonas (Soil D), Hirschia (Soils C and D)
and Kineosporia (Soil C) met these criteria. Although
information is sparse, some species of these genera may be
antagonistic to certain soil-borne plant pathogens (Fan et
al. 2016; Conn & Franco 2004; Weller 1988). Pseudomonas,
Bacillus and Streptomyces have been reported to contribute
to soil suppressiveness of several plant diseases (Haas &
Defago 2005; Raaijmakers & Mazzola 2012; Garbeva et al.
2006; Gomez Exposito et al. 2015) but these genera did not
appear to play an obvious role in black scurf suppression in
the Waikato soils used in our study. Other bacterial genera
reported to have R. solani suppression potential, including
Dyella and Brevibacillus (Adesina et al. 2007), were present
in some of soils tested in the current study but they did not
appear to be correlated with black scurf rot suppression. Soil
D produced low incidence of black scurf (5.8% harvested
tubers with black scurf scores of ≥ 3) in the ‘Transfer’
treatment, which suggested possible specific disease
suppressiveness. However, the bacterial genera populations
in the ‘Transfer’ treatment were similar to those in the other
soils, indicating that the possibly suppressive microbes in
Soil D may be bacteria outside the 50 bacterial genera that
contributed most to soil differences. It should also be noted
that the bacterial taxa revealed by DNA sequencing were
identified at the genus level, and bacteria involved in soil
suppression may be strains of particular species (Mendes et
al. 2011). However, some of the DNA may be derived from
dead microorganisms because relic DNA (DNA from dead
cells) can persist in soil for weeks to years, which can impact
DNA-based analyses of microbial populations (Carini et al.
2016).
Ascomycota dominate soils globally (Egidi et al. 2019)
and, as expected, this was the dominant fungal phylum in the
soils used in this study. Although several Ascomycota fungi
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can confer suppressiveness (Raaijmakers et al. 2009; SiegelHertz et al. 2018), as an overall group this phylum did not
appear to affect black scurf incidence in all the Rhizoctonia
inoculation treatments. Mortierella and Trichoderma, and
non-pathogenic Fusarium and Verticillium, Ascomycota
phylum genera previously described for their antagonistic
activity against diverse plant pathogens (Soman et al. 1999;
Siegel-Hertz et al. 2018), were present in all four Year-2
Waikato soils, but were not correlated with suppression of
black scurf. The higher numbers of Schizothecium spp. in
the ‘Inoculated’ and ‘Transfer’ treatment soils than in the
‘Not inoculated’ soils was probably a result of this fungus
using the oat grain inoculum substrate as a food source.
We examined the 50 fungal genera that contributed most
to differences among the six Waikato rhizosphere soils for
fungi that were present in the ‘Inoculated’ treatment of the
suppressive Soils C and D, and absent in the non-suppressive
soils B and E. If one of these Soil C or D fungi was also absent
in the heat treatment, this genus (or species of) may be
involved in suppression of rhizoctonia black scurf. No fungi
met our criteria. In addition, no specific fungi were present
in relatively high numbers in the ‘Transfer’ treatments of
Soil D, and in low numbers in the ‘Transfer’ treatment of the
other three soils, suggesting that no individual fungal genus
was responsible for the low (5.8%) black scurf incidence in
the partially ‘specific’ suppressive Soil D.

CONCLUSIONS
We have shown that rhizoctonia black scurf of potato was
present in soils in the Auckland and Waikato regions of New
Zealand, and that the suppressive character of some of these
soils was locally (field) specific. Abiotic factors such as soil
texture and OM content influenced black scurf incidence
and severity and we determined that soil microorganisms
were involved in disease suppression. Black scurf incidence
and severity markedly increased when soil microorganisms
were eliminated or reduced by soil heat treatment. We
demonstrated that soils of the same type and close geographic
proximity had similar fungal and bacterial community
structure and diversity to black scurf-conducive soils even
though the soils differed in their capacity to suppress black
scurf of potato. This result is consistent with findings from
other recent next-generation sequencing studies. These
studies support the thesis that the soil microbiome as a
whole, and not individual microbial taxa or groups, is mainly
responsible for soil disease suppressiveness (Penton et al.
2014; Campos et al. 2016; Cha et al. 2016; Schlatter et al.
2017). On the other hand, our study also provided evidence
that certain bacterial genera or species (that were present
in suppressive soils and absent in the non-suppressive and
heat-treated soils) may play a role in black scurf suppression.
Our study has broadened our understanding of the
nature and some of the possible causes of rhizoctonia
black scurf-suppressive soils but additional research is
required. The relationships and interactions between soil
microbial community structure and microbial activity, the
plant pathogen, and the soil environment in soils that are
suppressive against Rhizoctonia, and to identify bacterial
and fungal populations within such soils that may contribute
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to disease suppression all require further understanding.
Understanding which microbes are associated with disease
suppression can provide the platform for development of
new, minimal-pesticide, environmentally sustainable, soilborne disease control strategies that enhance the natural
disease suppressiveness of cropping soils by increasing
populations of beneficial microorganisms.
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